Abstract In vertebrates, the major histocompatibility complex (MHC) presents peptides to the immune system. In humans, MHCs are called human leukocyte antigens (HLAs), and some of the loci encoding them are the most polymorphic in the human genome. Different MHC molecules present different subsets of peptides, and knowledge of their binding specificities is important for understanding the differences in the immune response between individuals. Knowledge of motifs may be used to identify epitopes, to understand the MHC restriction of epitopes, and to compare the specificities of different MHC molecules. Algorithms that predict which peptides MHC molecules bind have recently been developed and cover many different alleles, but the utility of these algorithms is hampered by the lack of tools for browsing and comparing the specificity of these molecules. We have, therefore, developed a web server, MHC motif viewer, that allows the display of the likely binding motif for all human class I proteins of the loci HLA A, B, C, and E and for MHC class I molecules from chimpanzee (Pan troglodytes), rhesus monkey (Macaca mulatta), and mouse (Mus musculus). Furthermore, it covers all HLA-DR protein sequences. A special viewing feature, MHC fight, allows for display of the specificity of two different MHC molecules side by side. We show how the web server can be used to discover and display surprising similarities as well as differences between MHC molecules within and between different species. The MHC motif viewer is available at http://www. cbs.dtu.dk/biotools/MHCMotifViewer/.
Introduction
Presentation of antigenic peptides in complex with major histocompatibility complex (MHC) molecules to T-cell receptors (TCR) controls the onset of cellular immune reaction in the majority of higher vertebrates (Thompson 1995) . The most selective step in the presentation of antigenic peptides to TcR is the binding of the peptide to the MHC molecule (Yewdell and Bennink 1999) . Each MHC molecule potentially presents a distinct set of antigenic peptides to the immune system (Falk et al. 1991) , making rational epitope discovery a daunting task. However, many MHC alleles share a large fraction of their peptide-binding repertoire, and it is often possible to find promiscuous peptides, which bind to a set of different alleles (Lund et al. 2004; Sette and Sidney 1999) . Discovery of such peptides is important, since they can be used as vaccines or diagnostic reagents that target a large fraction of the human population. The task of finding epitopes that have the capability of binding to many different MHC molecules can be reduced if MHCs with similar binding specificity can be found.
The human MHC genomic region (called HLA, in short for human leukocyte antigen) comprises more than 3,000 allelic variants (Robinson et al. 2001) . Most MHC molecules have uncharacterized binding specificity. Out of the more than 1,500 known HLA class I alleles, for example, less than 5% have their binding specificity characterized experimentally (Rammensee et al. 1999; Sette et al. 2005a ). For nonhuman species, there is an even greater lack of experimental validation. In the case of nonhuman primates, less than 15 alleles have been characterized experimentally (Sette et al. 2005b ). The knowledge of MHC motifs is very important in animal models of human disease and for vaccine trials, and characterization of nonhuman MHC binding motifs is, thus, very important for understanding possible implications of these animal models for applications to human vaccines.
Characterizing the binding motif of a given MHC molecule requires a significant amount of experimental work. Development of in silico methods aimed at predicting the binding motif for uncharacterized MHC molecules is, therefore, important. Several groups have developed prediction methods designed to provide a broad allelic coverage of the MHC polymorphism (Jacob and Vert 2008; Jojic et al. 2006; Nielsen et al. 2007 ). These methods, in contrast to conventional allele-specific methods, take both the peptide and the peptide-MHC interaction environment into account, thus, allowing for extrapolations to accurately predict the binding specificity of uncharacterized MHC molecules. In the original NetMHCpan publication, it was demonstrated that a pan-specific method trained on quantitative human data could predict nonhuman primate binding motifs (Nielsen et al. 2007) . Recently, we have extended this coverage and demonstrated that a pan-specific method trained on quantitative human, nonhuman primate, and mouse data can accurately predict the binding motifs for HLA-C and HLA-E loci alleles. The updated NetMHCpan-2.0 method, thus, provides quantitative peptide MHC binding predictions for all HLA class I proteins in humans (including HLA-C and HLA-E), as well as chimpanzee (Pan troglodytes), rhesus monkey (Macaca mulatta), and mouse (Mus musculus) MHCs. For MHC class II, Nielsen et al. (2008) have published a method providing peptide-binding predictions covering all HLA-DR alleles with known protein sequence.
While these methods are important for analyzing hostpathogen interactions and identifying potential T cell epitopes, their usefulness for studying the diversity of the specificity of the immune system within and between species is limited. We have, therefore, developed a novel web interface that allows for easy visualization and comparison of binding motifs for MHC classes I and II molecules. The motifs were derived using the bioinformatic prediction methods NetMHCpan and NetMHCIIpan. The validity of the binding motifs was estimated using an independent benchmark data set consisting of 6,533 quantitative peptide binding data points covering 33 human class I alleles, as well as a set of HLA-C and HLA-E ligands.
Results and discussion

Binding motif construction
Binding motifs for MHC class I molecules were estimated using a pan-specific method (Nielsen et al. 2007 ), NetMHCpan-2.0, trained on quantitative human, nonhuman primate, and mouse data. For MHC class II, the binding motifs were estimated using the HLA-DR pan-specific method, NetMHCIIpan . For each allele, the top scoring 1% best binders of one million randomly selected natural peptides were selected and position-specific scoring matrices (PSSM) were calculated using sequence weighting and correction for low counts (Altschul et al. 1997; Nielsen et al. 2004 ). The binding motifs were visualized using the logo-plot method by Schneider and Stephens (1990) . In a sequence logo, the height of a column of letters is equal to the information content at that position, and the height of each letter within a column is proportional to the frequency of the corresponding amino acid at that position. In the logo plots used here, the amino acids are colored according to their physicochemical properties:
Binding motif validation
A large set of quantitative peptide MHC binding data were downloaded from the IEDB database (Sette et al. 2005a ). The dataset consists of 6,533 peptides and covers 33 HLA-A and HLA-B alleles. The PSSMs were calculated as described above, using the original NetMHCpan method trained on human data only. None of the peptides in the evaluation set were included in the training set. For each allele, the predictive performance of the corresponding PSSM was evaluated in terms of the Pearson's correlation between the log-transformed (Nielsen et al. 2003 ) IC50 value and the summed PSSM prediction score. The result of this validation is shown in Table 1 .
From the result shown in Table 1 , it can be seen that PSSMs, to a high degree, describe the binding motif of the corresponding HLA alleles, albeit they exhibit an approximately 10% lower Pearson's correlation coefficient than the pan-specific neural network. This is to be expected since the pan-specific method integrates receptor-ligand data representing many different receptors (HLAs) and ligands (peptides), thereby enabling interpolation of information from neighboring HLA molecules. Furthermore, neural networks can take higher order sequence correlations into account.
We have earlier shown how a pan-specific method, trained on quantitative human data, can predict nonhuman primate-binding motifs (Hoof et al. 2008; Nielsen et al. 2007) . No quantitative peptide-binding data characterizing the binding motifs of HLA-C and HLA-E alleles are available in the public databases. Limited number of HLA ligand data are available in the SYFPEITHI database for the HLA-C locus (Rammensee et al. 1999 ) and in the IEDB database for the HLA-E locus (Sette et al. 2005a ). These ligand data were used to evaluate the accuracy of the NetMHCpan method for HLA-C and HLA-E. For each of the reported ligands, the source protein was identified, and the affinity of all nonamers contained in the source protein was predicted. Assuming that all nonamers, with exception of the reported ligand, are nonbinders, the performance was estimated in terms of the relative ranking of the reported ligands among all nonamers contained in the source protein. The average relative ranks obtained were 10.9% and 4.0% for HLA-C and HLA-E, respectively.
The MHC motif viewer
The MHC motif viewer provides a visualization of the binding motif of MHC molecules. The interface allows the user to view and download the binding motif in terms of a logo-plot, as well as download the corresponding PSSM. The MHC motif viewer interface is shown in Fig. 1 .
Clicking on the species or loci of interest displays a table with the corresponding binding motifs. In the table, the allele name is placed below the logo visualization of the binding motif (see Fig. 2a ). Clicking on an MHC allele displays an enlarged image of the binding motif (see Fig. 2b ) and allows the user to download the motif image in jpg format (logo) or the PSSM matrix in Blast profile format (Matrix). For each allele, there is a link (Pseudo seq) to a table showing, which amino acids in the MHC molecule (the pseudo-sequence) are in contact with which residues in the peptide. Next to each MHC class I logo is shown a reliability index. The value corresponds to the estimated Pearson correlation coefficient for neural network predictions on the given allele. This value is shown together with the closest neighbor and the distance to this neighboring allele. The distance was calculated as described by Nielsen et al. (2007) . In short, the reliability index is estimated from the pseudo sequence distance to the nearest neighbor with a well-characterized binding specificity (Nielsen et al. 2007) . Note that accurate reliability estimations are not available for MHC class II alleles . From the motifs displayed in Fig. 2 , it is apparent that the HLA-A*0265 allele has a predicted motif that is highly atypical of the A2 serotype. The C terminal binding specificity of this allele shows a preference for basic amino acids, which is a feature of the A3 supertype (Lund et al. 2004 ). Comparing the pseudo sequence map of the HLA-A*0265 molecule to the typical A2 serotype molecule, HLA-A*0201, we found that these two molecules differ at only four positions in their pseudo sequence. Three of these, 95VI, 97RM, and 116YD, are in contact with the peptide P9 position. Here, the first amino acid is found in the HLA-A*0201 molecule and the second in the HLA-A*0265 molecule. In particular, the last two amino acid substitutions strongly support the finding that the C terminal binding specificity of the HLA-A*0265 allele has a preference for Another observation is a large degree of specificity mixing within serotypes. The B35 serotype is, for instance, highly mixed with alleles showing similarity to the B7 supertype (proline at P2) and other B35 serotype alleles showing similarity to the B44 supertype (acidic amino acids at P2). Limited data exist characterizing the MHC binding motif of nonhuman primates. Here, we include motifs for 66 chimpanzee (Patr) and 70 rhesus monkey (Mamu) MHC class I sequences. The Patr protein sequences were obtained from the IPD-MHC sequence database (Ellis et al. 2006 ) and the Mamu sequences from the NCBI Entrez Protein database. In addition, the MHC motif viewer includes motifs for six mouse MHC class I alleles. Finally, the MHC motif viewer offers predicted motifs for the HLA-DR class II loci.
The MHC fight viewer
The MHC fight viewer (the link in Fig. 1 , top row) allows for direct comparison of the binding motifs of two MHC molecules. The use of the MHC fight viewer is illustrated in Fig. 3 . Here, the binding motifs of the two alleles HLA-A*6801 and HLA-A*6802 are compared. The figure confirms the known C terminal binding preference of the two alleles, with HLA-A*6801 having A3 supertype preferences, and HLA-A*6802 having A2 supertype preferences (Lund et al. 2004) .
The MHC fight viewer can also be used to illustrate binding motif similarities between MHC molecules. Figure 4 illustrates such a comparison. Here, the binding motif of HLA-A*2402 is compared to the chimpanzee Patr-A*0701 allele. The figure clearly demonstrates the strong similarity between the binding motifs of the two alleles, confirming the observation earlier put forward by Sidney et al. (2006) . The diversity of the MHC molecule world requires tools aimed at biologists and immunologists that focus on ease of use and simplicity. The ability to compare different MHC specificities has applications ranging from experimental design of peptide-binding assays, antigenicity assays, to personal medicine, on a large scale. The use of the MHC fight viewer is, thus, a very useful tool for making pairwise comparisons of MHC binding motifs, enabling direct aid in interpreting for instance epitope screening data in patient cohorts with HLA diversity. Furthermore, it can be used to select peptides that are immunogenic in humans as well as in model organisms.
An example of the use of the MHC fight viewer is illustrated in Fig. 5 . Frahm et al. (2007) did an analysis of CTL epitope recognition in a cohort of patients with broad HLA diversity and identified a large set of peptides that showed cross-reactivity to HLA molecules of seemingly very different binding specificity. An example of such a peptide is AVLLHEESM from EBV that was found to cross-react to the HLA-A*31 and HLA-B*35 HLA allele. We can try to explain this cross-reactivity using the MHC fight viewer. The upper panel of panel of Fig. 5 shows a clear overlap in binding motifs of the HLA-A*3108 and HLA-B*3510 molecules, suggesting a possible explanation for the observed cross-reactivity between the two serotypes.
Conclusion
In conclusion, we believe the MHC motif viewer provides a highly useful tool for immunologists to gain insights to the peptide amino acid preference of MHC molecules and, thereby, aiding researchers interpreting their experimental observations.
